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Background: We carried out a bench study of implantable cardioverter-deﬁbrillator (ICD) performance in
order to investigate whether the right ventricular (RV) ring contributes to the occurrence of a high-
voltage (HV) short circuit.
Methods: A polycarbonate water bath with 0.18% saline was prepared. An ICD lead was connected to an
ICD device and both were placed into the water bath. The impedance of each electrode and coil was
measured. In the ﬁrst experiment, the RV ring was shorted to the RV coil using an alligator clip. The
impedance of each electrode and coil at shorting was measured. A maximum energy deﬁbrillation shock
was delivered. The therapy log conﬁrmed the HV short circuit and the delivery conditions. In the second
experiment, a short circuit was established between the RV ring and the superior vena cava coil and a
similar procedure was followed.
Results: No HV short circuit was observed in either experiment. Scheduled shock energies were delivered
without problems. Some changes in pace–sense impedance or coil impedance were observed, but they
remained within the normal range.
Conclusions: The RV ring conductor is not related to HV short circuits, even if the RV ring and/or RV ring
conductor is placed in contact with HV electrodes.
& 2014 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.
1. Introduction
High-voltage (HV) short circuit is a critical failure of an ICD
lead. In general, an HV short circuit occurs because of interaction
between HV conductors, such as the device can and either the
superior vena cava (SVC) or the right ventricular (RV) conductors,
or in the venous system between conductors and coils. If a high
voltage conductor or device comes in contact with a pace–sense
conductor, a shock would normally be delivered, though some
pace–sense failures—e.g., a rising pacing threshold, or decreasing
R-wave sensing—could be implicated in failure to shock, because
high currents could drain into a pace–sense conductor. An HV
short circuit is deﬁned as shock-system failure combined with
failure to shock.
Gummert et al. [1] found evidence of an HV short circuit related
to the sensing lead in the device pocket. In theory, an HV short
circuit is very unlikely to be created between the sensing lead
alone and the device can. Recently, Goldstein et al. reported a case
of an ICD short circuit [2]. They did not ﬁnd any evidence of HV
short circuit in the device pocket. Therefore, they suspected that
the HV short circuit had occurred in relation to the RV coil. The
shorting was contact between the RV ring conductor and the RV
coil inside the lead at the level of the RV coil. Unfortunately, they
did not extract the problem lead. In both of the above cases,
inappropriate shocks were detected before the HV short circuit
was identiﬁed. This was considered to be the evidence of pace–
sense conductor failure. Both case reports suggested the possibility
of the pace–sense conductor being related to an HV short circuit.
We performed bench tests to investigate if the RV ring may
contribute to the occurrence of an HV short circuit.
2. Material and methods
2.1. Experiment A: short circuit between RV ring and RV coil
A large polycarbonate water bath was ﬁlled with 0.18% saline,
which has equivalent impedance to that of the human body.
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A Riata ICD lead (St. Jude Medical, Sylmar, CA, USA) was connected
to a selection of ICDs (Table 1) and placed into the water bath. In
each case, the impedance of all electrode systems was measured
using a programmer. The sensing ring was then connected to the
RV coil using alligator clips (Fig. 1). Once a short circuit had been
created, the impedance was re-measured. The device was then
made to deliver a maximum-energy shock. The therapy log
displayed the delivered energy and impedance of the shock
system and a shock impedance during delivery o20 Ω was
considered evidence of an HV short circuit. One experiment per
ICD was performed.
2.2. Experiment B: short circuit between RV ring and SVC coil
The RV ring was connected to the SVC coil using the same
alligator clips as in Experiment A, and the same experimental
procedure was repeated.
3. Results
The results are shown in Tables 2 and 3, and prove that the RV
ring was not related to an HV short circuit in an ICD system in
either Experiment A or Experiment B. All shocks were delivered
without problems.
3.1. Experiment A
Pacing impedances were decreased after the short circuit had
been created between the RV ring and the RV coil. However, the
values of impedance were not outside the normal range. The RV
coil impedance was unchanged in ANALYST VR (St. Jude Medical,
Sylmar, CA, USA), and decreased in Lumax 340HF-T (BIOTRONIC,
Berlin, Germany), Protecta XT VR (Medtronic, Minneapolis, MN,
USA), INCEPTA (Boston Scientiﬁc, Natick, MA, USA) and PARADYM
CRT-D (SORIN, Milano, Italy) devices. Signiﬁcant changes in pacing
impedance after shock delivery were not observed with any of the
devices used. The impedance of the RV coil was not altered during
the experiments, except in the case of the PARADYM CRT-D, where
the impedance of the RV coil was decreased. There was no failure
of shock delivery in any of the devices and the shock impedance
during shock delivery was always in the normal range.
3.2. Experiment B
In contrast to Experiment A, the pacing impedance after shorting
was decreased in all devices, except for the ANALYST VR, where it was
unchanged. After the shock delivery, no signiﬁcant change in the SVC
coil impedance was observed in any of the devices. As in Experiment
A, no problems were experienced during shock delivery.
4. Discussion
Our experiments investigated whether the RV ring or the RV
ring conductor could be related to an HV short circuit, but we
found no such relationship. Our experiments suggest that if there
is a possibility of an HV short circuit, it is likely to be located in the
device pocket or in the lead between the SVC coil and the
connectors, as at this point the HV conductors and the SVC coil
are in close proximity.
This raises the question of why the pace–sense lead created an
HV short circuit in the case reported by Gummert et al. [1]. Epstein
et al. reported a similar case [3]. In both cases, an integrated
bipolar dual coil lead was used. In an integrated bipolar lead
conﬁguration, the RV conductor is bifurcated in the yoke of the
lead. One conductor is a pace–sense conductor, which is assigned
as a sensing anode, and the other conductor is a deﬁbrillation
connector, which is assigned as a shock cathode. The RV coil
conductor plays two roles: one as pace–sense anode and the other
as shocking cathode (Figs. 2 and 3). In Epstein's case [3], the HV
short circuit was created in the yoke because of dislodgement of
the yoke splice crimp tube. The SCV conductor was abraded by the
crimp, thus creating a short circuit with the RV coil conductor in
the yoke. In Gummert's case [1], the lead was modern, with IS1
and DF1 connectors. The pace–sense conductor from the yoke was
running in the lead to the IS1 connector. The sensing anode
conductor was also bifurcated from the RV coil conductor in the
yoke. The pace–sense lead from the yoke was abraded by the edge
of the ICD can and the HV short circuit was created within the
device pocket. Hence, the sensing conductor in the pace–sense
lead was the RV coil conductor.
In the case reported by Goldstein et al. [2], a Riata ST lead (St.
Jude Medical, Sylmar, CA, USA) was used. The authors did not
mention whether the lead was a dual-coil system or not. If the lead
was a single-coil system, the possibility of an HV short circuit
between the RV coil conductor and the device could be expected.
Evidence of the HV short circuit should exist in the device pocket.
As, the authors did not ﬁnd such evidence, the lead is likely to
have been a dual-coil system. The investigators suspected that the
HV short circuit occurred in relation to the RV coil. However, this
speculation is contradicted by the results of our experiments.
Table 1
ICD device list.
Model BIOTRONIK Medtronic SJM Boston SORIN
Lumax340HF-T Protecta XT VR D354VRG ANALYST VR CD1217-36 INCEPTA F163 PARADYM CRT-D 8570
S/N 60,400,878 PSG601999S 727,447 497,710 923YH00B
Fig. 1. Experimental equipment and conditions. A polycarbonate water bath was
ﬁlled with 0.18% saline. The right ventricular (RV) ring was connected to the RV coil
or superior vena cava coil using alligator clips. One clip was large-bladed and the
other had a narrower blade connected by a broad, short conductor wire. The entire
equipment setup was placed into the water. Underneath the bath, a space was
made to accommodate a telemetry head.
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Failures of ICD leads are classiﬁed as conductor failures and
insulation failures. There are two kinds of conductors in the ICD lead.
Pace–sense conductors include the tip electrode conductor and the
sensing ring conductor. In the integrated bipolar ICD lead, the
sensing ring conductor is also the RV coil conductor, as described
above. Conductor failure is caused by fracture of the conductor.
Fractured pace–sense conductors are a source of noise. Maytin et al.
showed the mechanism of noise generation in their report [4],
which demonstrated that sensing conductor failure generated noise
through changes in conductor impedance. The same authors
showed that a pacing conductor failure generated noise. However,
noise can also be generated by contact between a pace–sense
conductor and any other conductor. In such a case, insulation failure
must exist at the contact point between the two conductors. If HV
conductors are fractured, the protection circuit in the ICD prevents
therapeutic shocks from being delivered, so that the device will not
be destroyed. HV conductor fractures are revealed by high shock
impedance. New ICD devices are equipped with an alarm (beep
sound or vibration). Insulation failures manifest various phenomena.
An HV short circuit is evidence of insulation failure of an HV
conductor. Insulation failure may involve either the HV anode as
SVC coil, or the HV cathode as RV coil.
In the device pocket, the ICD has no insulation by design. At this
site, only RV conductor insulation failure is a requirement for an HV
short circuit. The evidence of an HV short circuit in the pocket is arc
marks on the surface of the device can. If the HV short circuit is
inside the lead, there will be no arc marks on the device can. For arc
marks to be seen, both the outer and the inner ethylene tetraﬂuor-
oethylene (ETFE) insulation layers of the ICD lead must be abraded
to bare the metal of the RV coil conductor. In Goldstein's case [2], an
inappropriate shock caused by noise was reported, suggesting an
HV conductor fracture or failure of the pace–sense conductor [5].
However, the authors did not report any electrical abnormality in
the pacing or shock systems, which argue against fracture of the
Table 3
Short circuit with SVC coil and RV ring.
Model
BIOTRONIK Medtronic SJM Boston SORIN
Lumax340HF-T Protecta XT VR D354VRG ANALYST VR CD1217-36 INCEPTA F163 PARADYM CRT-D 8570
Vp (Ω)
Normal conﬁguration 987 779 840 971 1215
Short circuit condition 606 532 700 777 963
After Shock Delivery 579 513 690 728 938
SVC (Ω)
Normal conﬁguration 84a 103 66 113 806
Short circuit condition 60a 83 66 65 760
After Shock Delivery 59a 88 66 68 716
RV (Ω)
Normal conﬁguration – 96 78 103 812
Short circuit condition – 74 78 67 864
After shock delivery – 74 78 70 809
Shock impedance (Ω) 65 74 65 52 69
Scheduled shock (J) 35 35 36 35 (42)b
Delivered shock (J) 35 35 36 35 39.3
Vp: ventricular pacing impedance, SVC: SVC coil impedance, RV: right ventricular coil impedance.
a Total impedance of shock system.
b Stored.
Table 2
Short circuit with RV coil and RV ring.
Model
BIOTRONIK Medtronic SJM Boston SORIN
Lumax340HF-T Protecta XT VR D354VRG ANALYST VR CD1217-36 INCEPTA F163 PARADYM CRT-D 8570
Vp (Ω)
Normal conﬁguration 280 399 400 951 1064
Short circuit condition 878 608 560 767 782
After shock delivery 837 551 600 689 750
SVC (Ω)
Normal conﬁguration 48a 131 66 124 867
Short circuit condition 42a 137 66 62 809
After Shock Delivery 42a 127 66 61 809
RV (Ω)
Normal conﬁguration – 130 78 87 760
Short circuit condition – 138 78 88 606
After shock delivery – 72 78 88 579
Shock impedance (Ω) 46 76 51 51 84
Scheduled shock (J) 35 35 36 35 (42)b
Delivered shock (J) OK 35 36 35 38.6
Vp: ventricular pacing impedance, SVC: SVC coil impedance, RV: right ventricular coil impedance.
a Total impedance of shock system.
b Stored.
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conductors. Therefore, it seems likely that the noise was not
generated by conductor fracture but by insulation failure. Their
case lacks evidence of an intra-pocket short circuit. We must,
therefore, suspect that the lesions related to the short circuit were
inside the ICD lead and not visible. Unfortunately, the lead was not
extracted and the mechanism of the short circuit was not found.
An HV short circuit is a most dangerous complication of ICD
therapy, and ICD leads still present a risk of HV short circuit.
Gradaus et al. reviewed multi-luminal ICD lead conﬁgurations,
based on two types of conductors, coiled and straight, running in
parallel with a single insulating body [6]. There are risks of HV
short circuits associated with multi-luminal ICD lead conﬁgura-
tions. The ﬁrst authors to discuss this risk were Bracke et al. [7].
They commented that an HV short circuit might be created when
an insulation breach occurs between HV conductors that are
located sufﬁciently close together. Haddad et al. also pointed out
this risk with multi-luminal ICD leads [8], but they concluded that
the overall incidence of HV short circuits was low. Contrary to
their speculation, case reports of HV short circuits seem to be
increasing [1–3,7,9–13], and this is probably attributable to an
increase in the insulation failure of ICD leads. HV short circuits are
caused by accidental contact between HV conductors. The HV
conductor is sheathed in an ETFE layer. When an HV short circuit is
created, insulation failure may be expected in the ETFE insulation.
Borleffs et al. reported the failure rates of ICD leads implanted
from 1992 to 2009. They observed 2069 ICD leads during this
period and found a 3.8% lead failure rate [14]. Furthermore,
Kleemann et al. observed 990 ICD leads from 1992 to 2005 [15].
They classiﬁed the implantation period as o3 years, 4–6 years,
and 46 years. They found that sensing failure and exit block
increased little with the years of implantation, in contrast to the
number of conductor problems and insulation failures, which
clearly increased with the duration of implant.
Finally, we have a means of monitoring pace–sense conductor
failure in an ICD lead. LIA™ (Lead Integrity Alert, Medtronic,
Minneapolis, MN, USA) is a detection system for ICD pace–sense
conductor failure [16]. Remote monitoring is also effective using
this method of lead failure detection [17]. However, an HV short
circuit is unlikely to be detected by this method. In previous case
reports [1–3,7,9–13], the HV short circuit was only revealed after
shock delivery, implying that shock delivery may be necessary in
order to detect an HV short circuit. Our experiments have
demonstrated that the pace–sense conductor is not involved in
an HV short circuit mechanism. The potentially valuable deduction
from our experiments is that if an HV short circuit occurs, the
location is likely to be either in the pocket or inside the lead
between the connector and the SVC coil.
ICD lead implantations are increasing year by year and the
numbers of aging ICD leads are also increasing. Aging leads have a
high potential for insulation failure. We must now expect to face
ICD lead failures in aging leads, but their management remains an
unsolved issue.
4.1. Study limitations
An isothermal bath was not used in this study. The temperature
of the electrolyte in the bath was less than body temperature. The
short circuit in this study was created by alligator clips connected
by a wire. This short circuit might not reﬂect the clinical situation.
5. Conclusions
The RV ring conductor is not involved in an HV short circuit if
the RV ring and/or RV ring conductor are in contact with any HV
parts of the system, e.g., RV and SVC conductors with the ICD can.
An HV short circuit is related only to HV conductors. In some of the
devices we used in our experiments, the pace–sense impedance
was altered after a short circuit. However, the changes remained
within the normal range. The occurrence of an HV short circuit
inside the ICD lead must involve the proximal part of the SVC coil,
because both HV conductors, the SVC coil conductor and the RV
Fig. 3. Yoke structure of integrated bipolar dual-coil ICD lead. The photograph is
the yoke of a Sprint lead (Medtronic, Minneapolis, MN, USA). The right ventricular
coil conductor is bifurcated. A crimp tube can be observed in the yoke.
Fig. 2. Structure and conductor alignment of dual-coil ICD lead. The schematic diagram
illustrates dual-coil ICD leads. Cross-sections of the structure are shown above the leads.
At the distal end of the superior vena cava (SVC) coil, there is only one high voltage
conductor. Thus, a high voltage (HV) short circuit is very unlikely to occur at this site.
More proximally to the SVC coil and beyond, towards the connectors, there are two high
voltage conductors, the right ventricular (RV) coil conductor and the SVC conductor,
which are in close proximity, while the SVC coil body also has HV components. There
are two likely sites of HV short circuits to be considered: RV coil conductor to SVC
conductor interaction, and RV coil conductor to SVC coil interaction. From the proximal
end of the SVC coil to the yoke, an HV short circuit is only possible at the RV coil
conductor to SVC coil conductor interaction. An important component of an integrated
bipolar dual coil system is the yoke. The RV coil conductor, which is an HV conductor,
bifurcates in the yoke. One bifurcated conductor connects to the RV coil DF1 connector.
The other bifurcated RV coil conductor connects to the IS1 connector as an anode of the
pace–sense system. The yoke has three conductors to each connector. Of these three
conductors, one of each is HV. An HV short circuit in an integrated bipolar ICD lead has
two possible mechanisms: RV coil DF1 lead to pace–sense IS1 lead interaction, and RV
coil DF1 lead to SVC coil DF1 lead interaction. In contrast, a dedicated bipolar lead has
only one HV short circuit possibility, which is RV coil DF1 lead to SVC coil DF1 lead
interaction. The potential for an HV short circuit in an integrated bipolar dual-coil
system is higher than in dedicated bipolar dual-coil systems.
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coil conductor, are at that point in close proximity. The distal part
of the SVC coil has only one HV conductor, which is the RV coil
conductor. An HV short circuit in this area, i.e., at the RV coil, is
much less likely to occur.
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